Objective: The aim of this study was to investigate the clinical characteristics of sepsis-induced acute kidney injury (AKI) in patients undergoing continuous renal replacement therapy (CRRT). Methods: From 2011 to 2015, we enrolled 340 patients who were treated with CRRT for sepsis at the Presbyterian Medical Center. In all patients, CRRT was performed using the PRISMA platform. We divided these patients into two groups (survivors and non-survivors) according to the 28-day all-cause mortality. We compared clinical characteristics and analyzed the predictors of mortality. Results: The 28-day all-cause mortality was 62%. Survivors were younger than non-survivors and had higher platelet counts (178 ± 101 Â 10 3 /mL vs. 134 ± 84 Â 10 3 /mL, p < .01) and serum creatinine levels (4.2 ± 2.8 vs. 3.3 ± 2.7, p < .01). However, survivors had lower red blood cell distribution width (RDW) scores (14.9 ± 2.1 vs. 16.1 ± 3.3, p < .01) and APACHE II scores (24.5 ± 5.8 vs. 26.9 ± 5.7, p < .01) than non-survivors. Furthermore, survivors were more likely than non-survivors to have a urine output of >0.05 mL/kg/h (66% vs. 86%, p ¼ .001) in the first day. In a multivariate logistic regression analysis, age, platelet count, RDW score, APACHE II score, serum creatinine level, and a urine output of <0.05 mL/kg/h the first day were prognostic factors for the 28-day all-cause mortality. Conclusion: Age, platelet count, APACHE II score, RDW score, serum creatinine level, and urine output the first day are useful predictors for the 28-day all-cause mortality in sepsis patients requiring CRRT.
Introduction
Acute kidney injury (AKI) is a common and serious complication in critically ill patients, and the development of AKI increases morbidity and mortality in these patients [1] [2] [3] [4] . Sepsis is the leading cause of AKI treated with renal replacement therapy (RRT) in critically ill patients. The overall incidence of sepsis-induced AKI among all intensive care unit (ICU) admissions typically ranges between 15 and 20% [5] .
Continuous renal replacement therapy (CRRT) is the established treatment modality in critically ill patients with AKI in the ICU [6] . Several predictors of survival in patients on CRRT have been described based on crosssectional and retrospective studies [7] [8] [9] . It has been reported that sepsis-induced AKI is distinct from AKI in its pathophysiology without sepsis [10] [11] [12] . Therefore, sepsis-induced AKI may be distinguished from nonseptic AKI in patient characteristics and clinical outcomes. Septic AKI patients have a poor prognosis compared to non-septic patients [13] . However, there have been few studies about the prognostic factors predicting mortality in patients with sepsis-induced AKI undergoing CRRT. Therefore, we investigated the clinical characteristics of sepsis-induced AKI patients undergoing CRRT and evaluated the predictors of mortality. fluid resuscitation), serum potassium concentration >6.5 mmol/L, severe acidemia (pH <7.2), or presence of severe organ edema (e.g., pulmonary edema). Sepsis is defined as the presence (probable or documented) of infection together with systemic manifestations of infection. We defined severe sepsis as sepsis associated with acute organ dysfunction and septic shock as sepsis with acute circulatory failure characterized by persistent arterial hypotension (systolic arterial pressure <90 mmHg, mean arterial pressure <60 mmHg, or a reduction in systolic blood pressure >40 mmHg from baseline) despite adequate volume resuscitation [14] . We excluded 15 patients who died within the first 24 h of CRRT treatment, who were <18 years of age, who were on chronic dialysis, or who were diagnosed with terminal malignancy. We divided patients into two groups (survivors and non-survivors) according to the 28-day all-cause mortality, compared their clinical characteristics, and analyzed the predictors of survival. This study was approved by the Institutional Review Board of the Presbyterian Medical Center (Jeonju, South Korea).
Clinical and laboratory information
All patients underwent detailed clinical history-taking, an examination, and a standard set of investigations including complete blood count, chest radiograph, urinalysis, two blood cultures, and tests for liver function, serum creatinine, urea, and electrolytes. The AKI was defined according to the Kidney Disease: Improving Global Outcome (KDIGO) guidelines [15] . Acute Physiology and Chronic Health Evaluation (APACHE) II and Sepsis-related organ failure assessment (SOFA) scores for all patients were obtained at the initial time of CRRT. The reference range for red blood cell distribution width (RDW) levels in this study was 12.2-14.8%. The patients' weights were obtained in a variety of setting: the emergency room, nursing floor, and the ICU. Standard hospital scales were used for ambulatory patients and bed scales for non-ambulatory or ICU patients. The first available documented weight on the hospital record was taken as the initial weight, the majority of which were in the ICU. Subsequent daily weight was monitored with bed scales by the nursing staff and recoded on the care flow sheets. In all patients, continuous venovenous hemodiafiltration (CVVHDF) was performed using the PRISMA platform (Gambro, Hechingen, Germany). The CRRT prescriptions are shown in Table 1 . Recovery of renal function was classified as complete when eGFR was within 25% of the reference eGFR (based on reference serum creatinine). Incomplete kidney recovery was defined as patients who had a 25% or greater decline of reference eGFR.
Statistical analysis
All data are presented as means ± standard deviations unless otherwise specified. The baseline characteristics of patients in the survivor and non-survivor groups were compared using t-tests, chi-square tests, or Fisher's exact tests, as appropriate. A multiple logistic regression analysis was applied to predict the 28-day all-cause mortality after starting CRRT. A p-value of < .05 was considered to be statistically significant. All statistical analyses were carried out using SPSS version 22.0 (SPSS Inc., Chicago, IL).
Results

Baseline characteristics
The baseline characteristics of the 340 study subjects are presented in Table 2 . The patients included 214 (63%) men and 126 (37%) women, with a mean age of 67 years (range, 21-92). The initial hemoglobin and mean RDW levels were 10.4 g/dL and 15.7%, respectively. The mean creatinine level at the start of CRRT was 3.6 mg/dL, and the mean APACHE II score was 26.0 (range, 7-42). The mean platelet count was 178 Â 10 3 /mL. The most common cause of sepsis was pneumonia. The Initiation with blood flow of 100 mL/min, which was gradually increased to a rate of 150 mL/min Replacement fluid
Commercially prepared, lactate-free, bicarbonate-buffered fluid (Hemosol; Gambro) was used as dialysate and replacement solution.
The replacement fluid and dialysate flow rate were set as 1000 ml/h. Replacement fluid was infused in predilution mode. Net ultrafiltration rate Ultrafiltration rate was individualized. Anticoagulation
Filters were primed with 2L of isotonic saline containing 10 000 U/l of heparin, and then 1 U/kg to 20 U/kg per hour of heparin was given. The goal of heparinization was to maintain systemic prefilter activated partial thromboplastin time between 45 and 55 seconds (1.5 Â control) as described in a previous report [49] . In case of patients with bleeding risk, filters were primed with 2L of isotonic saline containing 50 mg/l of nafamostat mesilate, and then 10 mg/h to 30 mg/h was given.
overall 28-day mortality was 62% (212/340). Of 128 survivors, 66% had complete recovery of renal function, 22% had incomplete recovery, and 12% had end-stage renal disease requiring RRT.
Comparison of clinical characteristics between survivors and non-survivors
When we compared clinical characteristics between survivors (n ¼ 212) and non-survivors (n ¼ 128), the survivors were younger than non-survivors (64 ± 14 years vs. 69 ± 12 years, p < .01) and had higher serum creatinine levels (4. (Table 3) .
Predicting survival in septic AKI patients undergoing CRRT
A univariate analysis indicated that age, serum albumin level, RDW value, APACHE II score, platelet count, serum creatinine level, presence of liver cirrhosis, and urine output <0.05 mL/kg/h the first day were significant predictors of mortality in sepsis-induced AKI patients undergoing CRRT. After adjusting for these factors in a multivariate logistic regression analysis, age, APACHE II score, RDW value, platelet count, serum creatinine level, and a urine output <0.05 mL/kg/h the first day were prognostic factors for the 28-day all-cause mortality in sepsis patients needing CRRT (Table 4) .
Discussion
Sepsis is a major unresolved medical challenge. It is the leading cause of AKI and contributes to multiple organ dysfunction syndrome, a very serious medical condition [5, 16] . The CRRT is an important treatment modality for sepsis because it can extract or lower the concentrations of many pro-inflammatory mediators, and therefore has immunomodulatory effects [6, 17, 18] . Patients with septic AKI have an increased risk for death and a longer average duration of hospitalization [13] . In patients with sepsis-induced AKI undergoing CRRT, the 28-day mortality ranged from 38% to 66% in previous reports [19] [20] [21] [22] . The mortality was 62% in our study, comparable to previous reports. This finding might be explained by the similar APACHE II scores (which reflect a patient's severity) in this and the previous studies. Most previous studies on CRRT have included both septic and non-septic AKI patients, whereas only septic AKI patients were included in the present study. Age, RDW value, APACHE II score, platelet count, serum creatinine level, and urine output the first day of CRRT were predictors for the 28-day all-cause mortality in sepsis patients undergoing CRRT in this study. The RDW, routinely reported as part of a complete blood cell count, is a simple laboratory test that is used to evaluate variability in the size and form of red blood cells [23, 24] . Several studies have shown that an elevated RDW value is a predictor of morbidity and mortality in cardiovascular diseases [25, 26] . Recently, it was reported that a high RDW value is also associated with mortality in older patients with sepsis and in patients treated with CRRT [27, 28] . Our study revealed that the RDW score can be a prognostic factor predicting mortality in sepsis-induced AKI patients undergoing CRRT. Although the mechanism underlying the association between higher RDW and adverse outcome in patients with sepsis is not completely understood, several mechanisms can be postulated. First, systemic inflammation response in sepsis inhibits erythrocyte maturation and accelerates the migration of reticulocytes into the peripheral circulation, thereby increasing RDW [29] . Second, high oxidative stress in sepsis, which is present through the generation of reactive oxygen species by activated leukocytes, induces an increasing RDW by reducing red blood cell (RBC) survival and increasing the release of large premature RBCs into the peripheral circulation [30, 31] . In addition, the release of cytokine in response to inflammatory stress might block the activity of erythropoietin and inhibit erythrocyte maturation and cause production of ineffective red blood cell and elevated RDW [32] . To our knowledge, this is the first report to show an association between RDW and mortality in patients with sepsis-induced AKI undergoing CRRT. Therefore, when starting CRRT for sepsis-induced AKI patients with a high RDW score, it may be necessary to treat aggressively and carefully. The APACHE II score is a prognostic factor in both sepsis and AKI patients [33, 34] . In our study, the APACHE II score was also a risk factor to predict mortality in patients with sepsis-induced AKI undergoing CRRT. The APACHE II score was higher in non-survivors than survivors (24.57 ± 5.89 vs. 26.92 ± 5.76, p < .01). It is also an authoritative scoring system for assessing the severity of critical illness, which is also shown in our study. The non-survivors had more frequency of shock than those of survivor. In addition, old age is a wellknown predictor of mortality in sepsis patients and in patients receiving CRRT [35, 36] . This finding was confirmed in our study in that the survivors were younger than the non-survivors (64 ± 14 years vs. 69 ± 12 years, p < .01). Thrombocytopenia is common in patients receiving CRRT [32, 37] . Wu et al. reported that a low platelet count may be associated with hospital mortality in patients treated by CRRT [38] . In the present study, the average platelet count was higher in the survivors than in the non-survivors (178 ± 101 Â 10 3 /mL vs.
134 ± 84 Â 10 3 /mL, p < .01), and a low platelet count was a risk factor to predict mortality. Therefore, in patients with sepsis-induced AKI undergoing CRRT, 26 (21) 51 (24) NS Liver cirrhosis, n (%) 9 (7) 38 (18) .003 Chronic kidney disease, n (%)
47 (41) 67 (59) NS Ischemic heart disease, n (%)
37 (34) caution is recommended when treating older patients and those with a high APACHE II score or a low platelet count.
There are some reports that levels of creatinine at the time of CRRT initiation do not have a negative influence on mortality [39] . Other reports suggest that high creatinine levels at the time of CRRT initiation are associated with better patient survival [40, 41] . The latter finding was supported by our study. Serum creatinine levels are dependent upon age, gender, nutritional status, presence of liver disease, and fluid volume status [42, 43] . Non-survivors had more liver cirrhosis than survivors in our study. It is possible that non-survivors also had lower serum creatinine levels than survivors in our study because of decreased production due to liver disease and old age in the non-survivor group. Although serum creatinine was not identified as a risk factor, urine output on CRRT initiation did have an important impact in our study [44, 45] , which was also shown in our study.
Several literatures reported that there is no significant difference in mortality between patients who receive continuous and intermittent renal replacement therapies [46, 47] . The Surviving Sepsis Campaign guidelines suggest using CRRT to facilitate of fluid balance in hemodynamically unstable septic patient [47] . In our study, the majority of patients are hemodynamically unstable at the time of initiation of RRT. Thus, we chose the CRRT as a RRT in treating septic AKI patients. However, there is no strong evidence that CRRT is superior to intermittent hemodialysis for AKI in septic shock patients. We believe that more studies are needed to clarify this.
Our study had certain limitations. First, this was a retrospective study, and the study population comprised only Asian participants. Second, the number of patients was relatively small. Thus, a large, prospective, randomized, controlled study is needed. Third, our database only contained data about patients who underwent CVVHDF. Fourth, we cannot measure body weight in 20 patients in ICU before starting CRRT because of patient's condition and limited number of bed scale. In those cases, we estimated body weight using abdominal and thigh circumference [48] .
In our study, the 28-day all-cause mortality in sepsisinduced AKI patients undergoing CRRT was 62%. Age, APACHE II score, RDW score, platelet count, serum creatinine level, and a urine output <0.5 mL/kg/h the first day were predictors for the 28-day all-cause mortality in these patients. Therefore, it will be helpful to consider these factors in the future when treating sepsis-induced AKI patients undergoing CRRT. 
